Summary We compared responses of cuttings and seedlings of Eucalyptus globulus Labill. subsp. globulus to water stress in a 9-week greenhouse experiment. Optimal water availability was achieved by watering pots daily to field capacity, and two water stress treatments were imposed by reducing watering frequency to every 6 or 14 days. Within each treatment, height growth rates of cuttings and seedlings were similar, but the water-stress treatments reduced growth rates by up to 15%. Diameter growth rates were 25% lower in cuttings than in seedlings under well-watered conditions and were reduced by water stress in both plant types. Under well-watered conditions, cuttings and seedlings used similar amounts of water, whereas seedlings had greater water use (up to 28.5%) than cuttings in both water-stress treatments. Shoot water relations of cuttings and seedlings were similar over a range of soil water contents. The responses of transpiration and stomatal conductance to soil water content were similar in cuttings and seedlings. At the end of the experiment, plants were left unwatered. Seedlings that had been preconditioned by watering every 14 days survived to lower soil water contents than seedlings from the well-watered treatment; however, cuttings from the water-stress treatments died at higher soil water contents than either seedlings from the same treatment or cuttings from the well-watered treatment. We conclude that exposure to moderate water stress does not effectively precondition cuttings, and that their ability to resist extreme water stress may be limited. These characteristics are probably associated with the root systems of cuttings which differ developmentally, architecturally and anatomically from the root systems of seedlings.
Introduction
Eucalyptus globulus Labill. subsp. globulus is grown widely in temperate zones because it grows quickly and has superior pulp properties. Although stem cuttings are used for the multiplication and deployment of improved genotypes, the performance of cuttings compared to seedlings has not been evaluated.
It is important to establish whether cuttings can tolerate equivalent conditions to seedlings, because the potential gains of vegetative propagation will be negated if cuttings or plantlets cannot endure the conditions likely to be encountered in the field (Struve et al. 1984 , Kageyama and Kikuti 1989 , Karlsson and Russell 1990 .
Because current plantation expansion in many countries is onto sites with rainfall near the limits of a species' ability to survive and grow, resistance to water stress is an important attribute of propagules; however, there have been few comparative studies of the resistance to water stress of cuttings and seedlings. Harrison et al. (1989) found no differences in the responses of peach (Prunus persica (L.) Batsch.) cuttings and seedlings to water stress. Blake and Filho (1988) compared the drought resistance of cuttings and seedlings of Eucalyptus grandis W. Hill ex Maiden. and found significant differences in several physiological parameters between cuttings and seedlings subjected to a 2.5-day drought. Cuttings had higher stomatal conductances, lower minimum xylem pressure potentials and higher osmotic potentials at the turgor loss point than seedlings, and were therefore regarded as less drought resistant than seedlings. However, no data on soil water content, vapor pressure deficit at measurement or predawn water potentials were presented. In a follow-up study, found that after 15 months in the field and after a period of 100 days without rain, cuttings again had higher stomatal conductance, transpiration and photosynthetic rates, and lower minimum xylem pressure potentials than seedlings. The second study, however, had similar limitations to the first study, and no data on soil water status or atmospheric conditions were presented. Ritchie et al. (1992) compared cuttings and seedlings of Pseudotsuga menziesii (Mirb.) Franco and concluded that cuttings were a viable alternative to seedlings for planting stock, because cuttings had greater stem diameters, root weights, root/shoot ratios and diameter/height (sturdiness) ratios, and were more cold hardy, more dormant, and had higher root growth potential than seedlings. However, Grossnickle and Russell (1990) predicted that cuttings would be less tolerant of water stress than seedlings because of differences in anatomy and hydraulic conductivity of the root systems of the two plant types. Mohammed and Vidaver (1991) found that tissue-cultured plantlets were more susceptible to water stress than seedlings and proposed that this was due to differences in root systems rather than physiological differences within the shoots.
To determine whether propagation of plants from cuttings alters their ability to resist drought, we analyzed the comparative responses of cuttings and seedlings of E. globulus to imposed water stress under controlled conditions.
Materials and methods

Experimental design
The experiment was a randomized block design with five replicates, three watering treatments and two plant types (one ramet of each of two clones and one seedling) from three families. A total of 135 plants was analyzed over 9 weeks. Blocking was from north to south within the greenhouse, because there were gradients in both light and temperature in this direction.
Plant material
The cuttings and seedlings were from three families from the breeding program of Celulose Beira Industrial (CELBI), Portugal. Cuttings were ramets of the two best rooting clones from each family. The clones had average rooting abilities of over 70%. In October 1992, apical shoots, about 10--12 cm long, were harvested from the clonal stock plants, and the apex and surrounding leaf pairs up to about 1 cm long were removed. The next leaf pair was retained whole and the following two leaf pairs trimmed back to approximately 2 cm long. All other leaf pairs were removed. The cuttings were dipped in 0.05% benomyl fungicide (Benlate, 1g l −1 ) for 30 s, set into trays containing forty 120-ml cavities filled with a 1/1 (v/v) mixture of peat and perlite plus approximately 0.8 g of controlled-release fertilizer (Osmocote, N,P,K,S 17/4.4/10/4.1, 180-day-release) per cavity, and grown for 5 weeks in a greenhouse providing a day/night air temperature of 24--26/20--22 °C, a bench temperature of 24 °C, misting for 10 s every 12 min, and 50% shade.
In October 1992, seedlings were sown directly into the same trays used for propagating cuttings. The growing medium was a 7/3 (v/v) mixture of peat and perlite plus approximately 0.5 g of ''Nurseryman's Brand'' fertilizer (N,P,K,S 5.3/3.6/8.0/8.0 plus trace elements) per cavity. The seedlings were watered daily and 5 weeks after germination, liquid fertilizer (Aquasol, N,P,K 23/4/18) was applied every 2 weeks.
On January 6, 1993, all cuttings and seedlings were measured for height, root-collar diameter and fresh weight, and then transplanted to 5-l pots sealed to prevent drainage. Each pot contained 775 g (dry weight) of a 7/3 (v/v) mix of peat and perlite plus 25 g of 180-day-release Osmocote, and 1.3 l of water was added to each pot to bring the water content of the pot to field capacity (volumetric water capacity, θ v = 0.289). Coarse sand (400 g) was spread across the top of each pot to minimize evaporation and the total weight recorded for use as the target weight when returning pots to field capacity. All plants were watered daily for the first 5 days after transplanting.
Treatments
From the sixth day after transplanting, plants were watered either daily, every third day or weekly. At each watering, pots were weighed and watered to their target weights. In addition, 15 pots without plants (one pot per treatment per replicate) were weighed and watered at the same time as pots with plants to estimate direct evaporative losses. Because the measurements of water potential, transpiration and stomatal conductance at Week 3 indicated that the plants were not suffering from stress in any treatment, the frequency of watering in the latter treatments was reduced from 3 and 7 days to 6 and 14 days, respectively, and henceforth these water-stress treatments are referred to as the 3/6-day and 7/14-day treatments. The modified treatments commenced on January 31, 1993, and continued for a further 6 weeks. The final watering occurred on the same day for all treatments, and the plants were then left unwatered and monitored until they reached the permanent wilting point, i.e., the point when the plants could no longer recover overnight from wilting during the day.
Measurements
Greenhouse conditions were recorded continuously on a mechanical thermohygrograph. The maximum daily temperature in the greenhouse was generally between 28 and 30 °C, and the minimum daily relative humidity was between 30 and 40%. Plant heights and root-collar diameters were measured at transplanting, when the treatments changed, and after the final watering. Mean relative growth rates were calculated for the entire 9-week period. Before watering, pot weights were recorded to calculate water use. Total water use was calculated as a ratio of plant height, which is closely correlated with leaf area (Sasse 1994) :
where W d is water use per unit height per day (ml cm
), W is measured water use (ml), V is evaporation directly from the pots (ml), H 1 is plant height at Time 1 (cm), H 2 is plant height at Time 2 (cm), t is the interval between Times 1 and 2 (days), n is the number of days since Time 1, and i is the watering interval (days).
Transpiration (E) and stomatal conductance (g s ) were measured with an LI-1600 steady state porometer (Li-Cor Inc., Lincoln, NE). Predawn and midday water potentials (Ψ predawn and Ψ midday ) were measured with a pressure chamber (PMS Instruments, Corvallis, OR). Environmental conditions (temperature and relative humidity) were recorded at the time of measurement, and the vapor pressure deficit (D) was calculated. Measurements were made over one drying cycle for each treatment during the first 3 weeks and over another drying cycle after the watering intervals were doubled. In the case of the well-watered treatment, measurements were taken once, at midday. Measurements of plants in the 3/6-day and 7/14-day treatments were made over several days. Environmental conditions as measured by D differed between the days of measurement, making comparisons difficult. For comparative purposes, a subsample of plants (all plants of Family CA from all treatments and all replicates) was measured on the final day of watering. To separate the effects of differing plant size, the plants of Family CA were also evaluated when they reached a water content of 200 ml (θ v = 0.044). This residual water content was selected because wilting occurred in well-watered plants at approximately this water content. Pots were weighed in the evening, and if they were close to their target weight (within 25 g or 2%), they were measured the following day. In addition to measurements of E, g s and water potentials, the osmotic potential (Ψ osmotic ) of one leaf per plant was measured with an HR33T dew point psychrometer equipped with a C-52 sample chamber (Wescor Inc., Logan, UT). At the point of death, pots were weighed, and the soil water content determined.
Analysis
Data were analyzed by two-way analysis of variance to compare the effects of plant type and treatment, and their interactions. Family data were pooled because of the small sample size, restricting comparisons to cuttings versus seedlings. Significant results were further analyzed by calculating the least significant differences between means using the Student's ttest. If data were heteroscedatic or non-normal, rank transformations were made before analysis. Responses of cuttings and seedlings to changing soil water availability were analyzed by evaluating each variable under a range of conditions, to allow comparison of the responses of cuttings and seedlings to different conditions. Measurements made on the same day and at the same residual water content were also analyzed.
Results
Growth rates and water use
Height growth rates were significantly lower in plants in the 3/6-day (12.7%) and 7/14-day (14.7%) treatments than in plants in the well-watered treatment (Tables 1 and 2 ). There was no significant difference between plant types, and no significant interaction between treatment and plant type (Table 2).
Diameter growth rates of cuttings were significantly lower (25.4%) than those of seedlings (Tables 2 and 3 ). Diameter growth rates of both cuttings and seedlings were significantly lower in the 3/6-day (cuttings 25.2%, seedlings 13.8%) and 7/14-day (cuttings 28.1%, seedlings 20.3%) treatments than in the well-watered treatment, but the interaction was not significant.
Water use rates of cuttings and seedlings were similar in the well-watered treatment ( Figure 1 , Table 2 ). Over the 9-week study, the mean water use rates of seedlings and cuttings were 2.181 ml cm −1 day −1 (SE = 0.032) and 2.065 ml cm
(SE = 0.023), respectively. Fluctuations in the daily water use were due to daily environmental fluctuations. After the change in watering treatments on January 31, cuttings and seedlings in the 3/6-day and 7/14-day treatments had significantly lower water use rates than the well-watered plants. In addition, the water use rates of seedlings in the 3/6-day and 7/14-day treatments were significantly higher than those of cuttings in the comparable treatments (Table 2 ). The mean water use rates of seedlings and cuttings in the 3/6-day treatment were 1.507 ml cm −1 day −1 (SE = 0.038) and 1.173 ml cm −1 day −1 (SE = 0.029), respectively, which correspond to reductions of 30.9 and 43.2% compared with the water use rates of the well-watered control plants. Water use rates of plants in the 7/14-day treatment were significantly lower than those of plants in the other treatments, and the water use rates of cuttings remained significantly lower than those of seedlings, although the difference was less than in the 3/6-day treatment. The mean rates of water use of seedlings and cuttings in the 7/14-day treatment were 1.178 ml cm −1 day −1 (SE = 0.031) and 1.011 ml cm −1 day −1 (SE = 0.023), respectively. These rates of water use were 21.8 and 13.8% below the rates of seedlings and cuttings in the 3/6-day treatment, and 54 and 51% lower than the rates for the corresponding well-watered control plants. The interaction between plant types and watering regime was significant (Table 2).
Water relations----responses at a range of conditions
In both seedlings and cuttings, Ψ midday decreased as Ψ predawn decreased, but the magnitude of the reduction decreased as Ψ predawn declined (Figure 2 ). Stomatal conductance of wellwatered cuttings and seedlings responded exponentially to changes in D (Figure 3) . Although the responses of g s to θ v ( Figure 4 ) and Ψ predawn ( Figure 5) . Responses of E to soil water availability were similar to those of g s and did not differ between cuttings and seedlings. ) and standard errors of cuttings and seedlings for each treatment for the period before each watering event. The calculated water use is the mean rate for the period prior to watering, and each point is a watering event. Symbols: daily, seedling = ᭺; 3/6-day, seedling = ᭝; 7/14-day, seedling = ᮀ; daily, cutting = ᭹; 3/6-day, cutting = ᭡; 7/14-day, cutting = .
Figure 2. Relationship between midday water potential and predawn water potential measured on the same day. Results for cuttings and seedlings are pooled; ᮀ = daily watering, ᭹ = 3/6-day watering, and ᭝ = 7/14-day watering.
Water relations----measured on the same day
On the final day of watering, both E and g s were lower in plants in the water-stress treatments than in well-watered plants (Table 4). The reductions were greater in cuttings than in seedlings; however, the cuttings were shorter than the seedlings and hence, if cuttings and seedlings respond equally to reduced water availability, the cuttings would not reduce soil water availability as fast as the seedlings. Thus these data cannot distinguish between differences that are a function of plant size and therefore water content, and those that are a consequence of plant propagation technique.
Water relations----measured at the same residual water content
There were no significant differences in D for plants measured at 200 ml residual water content (Tables 5 and 6 ), indicating that all plants were assessed under similar conditions. Significant differences between treatments were found for Ψ predawn and Ψ midday , but not for g s , E or Ψ osmotic (Table 6 ). Water potentials were significantly higher in plants in the 7/14-day treatment than in the other treatments (Table 5 ). There was a significant interaction between plant type and treatment in E, and a strong interaction in g s (Table 6 ). In the well-watered Figure 5 . Response of stomatal conductance to soil water availability measured by predawn water potential. Cuttings and seedlings measured at the end of the watering cycle of all treatments have been included; ᮀ = daily watering, ᭹ = 3/6-day watering, and ᭝ = 7/14-day watering. treatment, both E and g s were lower in cuttings than in seedlings, whereas E and g s were higher in cuttings than in seedlings in the 3/6-day and 7/14-day treatments (Tables 5 and 6 ).
Also, E and g s were lower in well-watered cuttings than in water-stressed cuttings, but higher in well-watered seedlings than in water-stressed seedlings.
Plant death
Cuttings and seedlings in the well-watered treatment died at similar residual soil water contents (Table 7) . Seedlings in the 7/14-day treatment died at a lower soil water content than well-watered seedlings and seedlings in the 3/6-day treatment, whereas cuttings in the water-stress treatments died at residual soil water contents significantly higher than either well-watered cuttings or seedlings in the comparable water-stress treatment (Table 7) . There were significant effects of plant type (P < 0.0001) and treatment (P = 0.0124), and a strong interaction between plant type and treatment (P = 0.0804).
Discussion
Under conditions of optimal water availability, we observed few differences between cuttings and seedlings; however, some differences emerged under conditions of imposed water stress. Well-watered cuttings had slower diameter growth rates than well-watered seedlings. Height and diameter growth rates of both cuttings and seedlings were reduced by water stress. In both of the water-stress treatments, water use by cuttings was significantly less than that by seedlings. In contrast, instantaneous measurements of stomatal conductance showed that there were no significant differences in the responses of cuttings and seedlings to reduced water availability. However, reduced water availability did affect the water relations of plants. Stomatal conductance was reduced by low soil water availability. Stomatal conductance responded principally to vapor pressure deficit when soil water content was above 86% of field capacity (θ v = 0.25). Below this threshold, the availability of soil water was the principal determinant of stomatal conductance. Similar responses were found for transpiration. The existence of a threshold below which stomatal conductance responds primarily to soil water content or leaf water potential is typical of many herbaceous (Ludlow 1980, Bradford and Hsiao 1982) and woody (Jarvis 1980, Sands and Mulligan 1990 ) plants. The threshold at which water availability becomes dominant in determining stomatal conductance depends on the species and the environment, and typically the threshold and the gradient of the decrease is higher in plants grown in controlled conditions than in plants grown in the field (Jarvis 1980 , Ludlow 1980 . At very low soil water availability (200 ml residual soil water content), there were significant differences in plant water potentials between treatments, but not between cuttings and seedlings. This contrasts with Blake and Filho's (1988) results in which cuttings of E. grandis had higher midday water potentials than seedlings after 2.5 days of drought. This difference may be a consequence of the preconditioning treatments that we imposed before measurement at a constant water content. Preconditioning treatments change the physiological responses of plants to water stress (Hsiao 1973) . Assessment of the water relations of cuttings and seedlings from each watering treatment at the same water content indicated that preconditioning occurred in both cuttings and seedlings. Water potentials were between 0.3 and 0.4 MPa greater in plants from the 7/14-day treatment than in plants from the other treatments. However, cuttings and seedlings differed in their response to preconditioning. Decreased water potentials were accompanied by decreased transpiration and stomatal conductance in seedlings, and by increased transpiration and stomatal conductance in cuttings.
Effectively preconditioned plants would be expected to endure water stress better than nonconditioned plants, and this was manifested in the seedlings as a reduction in transpiration and stomatal conductance at low water availability and a reduced residual soil water content at which plant death occurred in the 7/14-day treatment. However, a similar trend was not found in the cuttings, suggesting that, under field conditions, cuttings would be less likely to survive extreme water stress. The similarity of the responses of shoots of cuttings and seedlings to reduced soil water availability throughout this experiment suggests that the differences in resistance to water stress are due to differences in the functional capacities of the root systems of the two plant types, i.e., water uptake and transport. Uptake is dependent on the water available in the soil and the water potential gradient imposed by the shoot, but is also determined by the physiological, morphological and anatomical characteristics of the root system (Teskey 1991) . The morphology and anatomy of the root system of cuttings are fundamentally different from those of seedlings, as a result of their adventitious origin. The consequences of these differences are poorly understood because it is difficult to elucidate the consequences of altered morphology in a seedling root system on anchorage, and uptake and transport of water and nutrients (Torrey and Clarkson 1975 , Fitter 1991 , Harper et al. 1991 . It is even more difficult to predict the consequences of the differences in the root systems of seedlings and cuttings. However, it is important to note that some individual cuttings did resist water stress in a similar way to seedlings, suggesting that cuttings can develop a functionally effective root system. With further evaluation of the development of the root system of cuttings, it should be possible to modify the root system during propagation to produce cuttings that are as resistant to water stress as seedlings.
